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Summary

There is a paucity of high-resolution structures of phages infecting Shigella, a human pathogen
and a serious threat to global health. HRP29 is a Shigella podophage belonging to the
Autographivirinae family, and has very low sequence identity to other known phages. Here, we
resolved the structure of the entire HRP29 virion by cryo-EM. Phage HRP29 has a highly unusual
tail that is a fusion of a T7-like tail tube and P22-like tailspikes mediated by interactions from a
novel tailspike adaptor protein. Understanding phage tail structures is critical as they mediate hosts
interactions. Furthermore, we show that the HRP29 capsid is stabilized by two novel, and essential
decoration proteins, gp47 and gp48. Only one high resolution structure is currently available for
Shigella podophages. The presence of a hybrid tail and an adapter protein suggests that it may be a
product of horizontal gene transfer, and may be prevalent in other phages.

Blurb

Shigella flexneriis a bacterial pathogen of concern and bacteriophage therapy to combat
bacterial infections is gaining importance. To date there is only one high-resolution structure

of a bacteriophage infecting S. flexneri known and here Subramanian et al. present the cryo-EM
structure of the bacteriophage HRP29.
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Grapchical Abstract

e

Capsid stabilized by decoration proteins gpd7 and gpd8

HRP29 has a hybrid tail

gp44 interacts with tailspike protein gps2

Introduction

An estimated 450,000 infections occur per year due to Shigellaalone in the United

States. Recently the development of extensively drug-resistant Shigella places this pathogen
in the “serous threat” category according to the CDC 1. A rise in antibiotic resistance

has increased the interest in using bacteriophages (phages) as treatment alternatives,

or supplements for antibiotics. Phages infecting Shigella have been isolated and used

for treatment as early as 1917 by Félix d’Herelle 2, but until recently only a limited
collection of phages infecting Shigellawere available 34. Most of the phages isolated
against Shigellabelong to the order Caudovirales and have capsids with dsDNA and a

tail attached to the capsid that is crucial for the infection and propagation of the phage.
Phages from Caudovirales can be morphologically classified into three groups based on
their tail structures, Myoviridae (long, contractile), Siphoviriaae (long, non-contractile) and
Podoviridae (short, non-contractile) °. Most phages isolated from the environment against
Shigella flexneribelong to the Myoviridae family, with only two Podoviridae, observed to
date 346, Both podophages, HRP29 and Mo019, were isolated by high school students in
Lincoln, Nebraska. Surprisingly, we have not yet been successful in isolating podophages
from environmental samples in Michigan. These podophages have distinct differences in
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physiology and structure compared to commonly studied podophages that infect enteric
pathogens such as Sa/monellaand Escherichia species, including differences in host receptor
interactions via the tails. Therefore, we were interested in characterizing these phages in
greater detail.

HRP29 belongs to the Autographivirinae family and is a new species of Drulisvirus distantly
related to phiKDA1 and phiKT. HRP29 has only 10% ANI to any known phage genome

and further examination showed some potentially interesting features in the structural genes
6. For example, HRP29 has multiple genes encoding for tail proteins similar to a P22-like
tailspike protein, as well as two T7-like tail protein genes. Various biochemical studies and
previously-resolved structures of podophage T7, P22 and Sf6 virions, showed that T7 has a
tail tube with a nozzle to which the tail fibers are attached to, whereas P22 and Sf6 have a
tail needle and tailspike attached to the tail hub 7=9. The absence of structural information
for close relatives of HRP29 and the genetic suggestion for the presence of a hybrid tail
motivated us to understand the global architecture of the HRP29 phage, with an emphasis on
determining the tail structure. Apart from the high-resolution structure of Sf6 8 there are no
published structures for any podophage infecting Shigella.

We used single particle cryo-EM and image reconstruction methods to generate high-
resolution structures of HRP29 allowing us to visualize the tail, and other features in greater
detail. From the structure, the presence of two novel decoration proteins was identified and
their role in stability was probed using CRISPR knockdown and particle stability tests.

A focused reconstruction of the tail revealed the structure of portal, adaptor, and nozzle
proteins as well as the N-terminus of the tailspike adaptor. Co-purification of the tailspike
and the putative tailspike adaptor showed that they form a complex of trimers. Procapsids
were also generated using a CRISPR knockdown of the large terminase (TerL) with the
resulting structure indicating the scaffolding protein location. Our work has generated a
high resolution structure and corresponding atomic model of the entire HRP29 virion, and
reveals novel protein:protein interactions that form a hybrid structure between the T7-like
and P22-like phages.

Results & Discussion

Asymmetric reconstruction of HRP29 reveals a hybrid tail

Plating experiments were performed to understand some of the basic requirements for
HRP29 infection in Shigella flexneri and we compared these observations to the well-
studied Shigella phage Sf6. In order for a successful infection, Sf6 requires initial interaction
with the primary receptor, lipopolysaccharide (LPS), interactions with a secondary receptor,
an outer membrane protein (either OmpA or OmpC), and interaction with an inner
membrane protein, YajC 1011, S, flexneri have a variety of serotypes like Y, 2a, 3a, 4a,

5a, X, 7a etc. that show variations in the LPS structure based on the presence or absence

of glucosyl group, O-acetyl group and/or phosphoethanolamine group 12. Sf6 can infect
only serotype Y, which is the simplest serotype as it lacks any of the additional sugar
groups on the LPS. HRP29 also infects serotype Y and is partially dependent on outer
membrane proteins OmpA and OmpC for infection (Supplementary table: 1). However,
HRP29 does not require the inner membrane protein YajC for infection. This observation
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along with the presence of genes for both T7-like tail tube proteins and a Sf6-like tailspike
proteins led us to investigate the structural details of the tail further. We generated an
asymmetric reconstruction of HRP29 at 4.1 A that showed that it has both a central tail

tube structure similar to T7 along with six tailspikes similar to Sf6 (Fig. 1). The central tail
tube was resolved better when compared to the tailspikes and the central section through the
reconstruction showed the possible presence of inner core (Fig. S1).

HRP29 portal protein is similar to T7

A C6 symmetry-imposed focused reconstruction of the HRP29 tail resolved atomic details
of the portal protein (gp35), adapter protein (gp39), and the nozzle protein (gp40). Initial
models for gp35, gp39 and gp40 were generated using Alphafold2 and then docked into

the map followed by model building and refinement (Fig. 2A). A DALI search of HRP29
gp35 showed that it is similar to portal protein gp8 from the T7 from mature virion (PDB:
7EY8) with a RMSD of 2.7 A and a Z-score of 33.4 (Fig. S2A). Portal protein gp35 had a
similar domain structures including the stem, the clip, the wing and the crown domains when
compared to T7 gp8 13. When compared to the portal structure from mature T7 virion, there
were variations in the wing domain, the C-terminal residues (488 — 517) were not modeled
in HRP29 and the channel valve also could not be modeled (Fig. S2A). The conformation
of the channel valve, which holds the DNA in the capsid is likely similar to that of T7

713 Both P22 and Sf6 have a long helical barrel at the C-terminal end and this elongated
structure is thought to form only in the mature virion as it might be stabilized by packaged
DNA and ejection proteins 814, When compared to the Sf6 portal structure from the mature
virion, HRP29 does not have a long helical barrel in the C-terminal end. HRP29 lacks this
feature as the length of the HRP29 portal protein is 517 amino acids, and is considerably
shorter than the Sf6 portal protein with 708 amino acids.

The HRP29 tail complex is composed of gp39, gp40 and gp44

Analysis of the HRP29 tail complex revealed structures of three major components gp39,
gp40 and gp44. A DALI search of HRP29 gp39 showed it is similar to gp11 of T7 from
mature virion (PDB: 7EY9) with a RMSD of 2.5 A and a Z-score of struct 18.2 (fig. S2B).
Similar to T7, HRP29 adapter protein gp39 has an a-helix bundle, a fiber dock domain and

a C-terminal embracing helix domain (Fig. S2B)13. In comparison to the homolog T7 gp11,
HRP29 gp39 lacks the disulfide bond stabilizing the a-helix bundle. Instead, HRP29 gp39
interacts with gp35 through electrostatic interactions mediated by residues Arg160, Arg164
and His162 of gp39 and Asp294 and Asp296 of gp35 (Fig. 2B). This electrostatic interaction
is opposite those in T7, as negatively charged residues in adapter protein gpl1 interact with
positively charged residues of gp8 in T7. The C-terminal end of HRP29 gp39 could not be
modeled completely when compared to T7 gpl1. The C-terminal end sequence of gp39 is
similar to gp11, and thus might form a similar electrostatic interaction with the portal protein
gp35. Next, a DALI search of HRP29 gp40 showed that it is similar to gp12 of T7 from

the mature virion (PDB: 7EY9) with an RMSD of 2.9 A and a Z-score of 29.1 (Fig. S2C).
Similar to T7, HRP29 nozzle protein, gp40, has a B-propeller domain, platform domain,
fiber dock domain and a nozzle tip domain, with differences in the fiber dock domain (Fig.
S2C) 13, The B-propeller in gp40 lacks the disulfide bond and the hydrophobic interaction

at the base of the propeller that are found in T7. In addition, positively charged residues of
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gp40 at different locations interact with negatively charged residues from two gp39 subunits
(Fig. 2C). The nozzle of HRP29 also has gates similar to T7 to restrict and secure the DNA
with in the mature virion with the largest differences being in the gate 1 region.

Apart from gp35, gp39 and gp40, there were six densities with protruding trimeric a-helices
(Fig. 2A). An alphafold prediction of the gp44 tailspike adapter protein trimer was docked
into the map and then refined. This density was similar to the initial parts of a trimer of
gpl7 from the phage T7 tail, and the first 147 of 260 amino acids were modeled. A DALI
search of HRP29 gp44 showed that it is similar to gp17 of T7 from the mature virion (PDB:
7EY9) with a RMSD of 3.8 A and a Z-score of 13.1, (Fig. S2D). In T7, the first 143 amino
acids form the fiberdock domain and the long flexible tail is formed by the following region
715 The flexibility of the T7 tail fiber likely comes from the region following the fiberdock
domain, as these residues were not able to be modeled in the T7 structure. Similarly, in
HRP29, the region after the first 147 amino acids may also be flexible thereby preventing
modeling. HRP29 gp44 forms a trimer that appears to interact with the tail adapter gp39
and the tail nozzle gp40. Approximately the first 69 amino acids of gp44 form a p-bundle
structure followed by a long loop that connects to a-helix which forms the initial part of

the trimerization domain. Residues 105 to 138 are unstructured intertwine with the same
region from the other monomers in the trimer. The core of the unstructured trimer region is
hydrophobic and electrostatic interactions between the monomers on the exterior stabilize
this region. Two of the three B-bundles from the gp44 interact with the fiberdock domain
from nearby gp39. The third p-bundle from the gp44 trimer is nearby the fiberdock domain
of gp44 and Asp25 from gp44 interacts with Arg645 of gp40 (Fig. 2D). This electrostatic
interaction is opposite in comparison to T7 as negatively charged residues in the nozzle gp12
interact with positively charged residues of gpl17 in T7. The base of the gp44 trimer formed
by the loop connecting the B-bundle and a.-helix, interacts with the platform domain of gp40
and the helix domain of gp39.

Tailspike adapter gp44 interacts with gp52 tailspike to form a hybrid tail

Although the lower resolution asymmetric reconstruction of the entire virion showed the
entire tail machinery, a higher resolution, focused reconstruction of the HRP29 tail resolved
only the N-terminal part of gp44 and did not show connection to the tailspike protein, gp52
likely due to inherent flexibility. The HRP29 tailspike (gp52) is similar to the Sf6 tailspike
(gp14) and the active site residues Glutamate 366 and Aspartate 399 are conserved between
both (Fig. S3). The only significant difference is in the first 40 residues. HRP29 and Sf6
both infect the serotype Y strain of S. flexneriand in the case of Sf6 the N-terminus of the
tailspike (gp14) directly interacts with the tail hub. In HRP29, gp44 and gp52 may interact
directly with each other to form the tail or another protein could mediate this interaction.
Since the resolution of the map was limited, we used protein co-purification to test this
hypothesis. We co-expressed gp44 containing a N-terminal 6x His tag along with gp52
without the addition of any tags and the complex was purified from crude lysate using a
Ni-NTA coloumn. Size exclusion chromatography showed that gp44 and gp52 co-elute and
form a stable complex. Furthermore, the density of each band from SDS-PAGE showed
that there were similar amounts of gp44 and gp52 with a ~1:1 stoichiometry of each
protein (Fig. S4A). Therefore, a trimer of gp44 likely interacts with a trimer of gp52. We
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used electron microscopy of negatively stained co-eluted complexes and performed image
analysis (Fig. 3A, S4B). A low-resolution 3D reconstruction showed a L-shaped structure
formed by the gp44-gp52 complex (Fig. 3B). Alphafold2 could not predict the complex
formation between gp44-gp52 accurately and only a trimer of gp52 could be reliably fit
into the density (Fig. 3C, S4C). The interaction interface between the C-terminal region of
gp44 and the N-terminal region of gp52 could not be resolved clearly. The gp44 N-terminal
region was likely not clearly resolved due to flexibility, especially in the absence of any
interactions with the tail. We attempted to solve the structure of this complex by cryo-EM
studies, and were met with several challenges, including severe orientation bias and inherent
flexibility of some regions (see Supplementary Fig. S4D, S4E). Even though the interaction
between gp44 and gp52 could not be visualized in detail, the ability of gp44 and gp52

to be co-purified and the low-resolution negative stain model of the complex support the
hypothesis that gp44 and gp52 interact with each other. In order to determine if both tail
proteins were essential for infection by HRP29, we designed CRISPR knockdowns using
CRISPR-dCas9. Knockdowns of gp44 and gp52 had mild effects: 10-fold and 100-fold
reduction in plaquing efficiency, respectively (Fig. 5A). Therefore, we conclude that a
combination of both proteins does indeed confer an advantage to phage HRP29.

Additionally, we hypothesize that since Sf6 (has a tailspike and a tail needle) requires yajC,
an inner membrane for infection, and T7 (uses a nozzle instead) does not need an inner
membrane protein, that this hybrid assembly joining a tailspike with a nozzle allows this
Shigella podophage to bypass this requirement. The presence of a T7-like tail tube and
functional tailspikes instead of tail fibers has been previously observed in closely related
bacteriophages phages K1-5, K1E and SP6, yet these have two sets of tailspikes instead

of the one set of tailspike that HRP29 possesses 16:17. K1-5 bacteriophage can infect two
strains of £. coli KIand E. coli K5that have distinct capsule structures. The central tail tube
is connected to a total of six gp37 adapters and each gp37 has binding sites for two types

of tailspikes, gp46 and gp47. The N-terminal region of the adapter protein gp37 is similar to
T7 gpl7. K1-5 gp46 is similar to P22 tailspike and gp47 is a endosialidase enabling K1-5
to infect strains with distinct capsule structures. Bacteriophage K1E is similar to K1-5 but
can infect only £. coli K1 as it lacks a functional tailspike gp46 as only the first 111 amino
acids of gp46 are present in K1E. Bacteriophage SP6 can infect both the S. enferica subsp.
enterica serovar Typhimurium and S. enterica subsp. enterica serovar Newport. Similar to
K1-5, SP6 also has an adapter protein gp37 that is connected to two tailspikes gp46 and
gp47. SP6 gp46 is similar to P22 tailspike and gp47 is also supposed to form a trimeric
structure but with less similarity to P22 tailspike. Only one of the tailspikes is engaged

on the cell surface when infecting a particular serotype and the two tailspikes can rotate
with respect to each other to engage with the O-antigen. A common theme utilized by
K1-5, K1E, SP6 and also HRP29 is the tailspike adapter. This adapter has an N-terminal
region similar to gp17 of T7 connecting the tailspikes to the central T7 like tail and a
C-terminal region that has evolved to bind tailspikes. HRP29 tailspike gp52 is similar to the
Sf6 tailspike gp14 but gp52 is significantly shorter (508 amino acids) when compared to
gpl4 (623 amino acids). The N-terminal region of HRP29 gp52 encompassing the first 41
amino acids is however dissimilar to Sf6 gp14 as it may have evolved to bind to the tailspike
adapter gp44. The active site residues in Sf6 tailspike gp14 Glu366 and Asp399 (numbering
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does not include the N-terminal methionine) 18 are also present in HRP29 gp52 at positions
367 and 400, indicating that gp52 may employ a similar catalytic mechanism to degrade the
O-antigen. To our knowledge HRP29 is the first phage with a T7 like tail tube attached to
only one functional tailspike (gp52) via a tailspike adapter (gp44).

Casjens and Thuman-Commike 19 examined evolutionary relationships of 57 mosaically
related P22-like phages and made several observations regarding the tailspike: 1) the
tailspike gene is often separated by the other morphogenetic genes by several kbp, 2) the
N-terminal domain is the capsid binding region, and this is highly conserved to maintain
productive protein:protein interactions with the capsids, 3) where the C-terminal domain is
highly diverse and dependent on receptor binding protein interactions. They reasoned that
this is indicative of horizontal exchange among phage types, that the mosaic boundaries

do not necessarily coincide with gene boundaries, and that there is strong evolutionary
pressure to maintain a consistent gene order. While some of these principles hold true in
HRP29-related phages such as consistent gene order, it seems that exchange along gene
boundaries is more commonly found. In phages HRP29, K1-5, K1E, and SP6 it appears an
additional gene is needed to serve as an adapter, as these phages are completely missing
the tailspike head-binding domains. Instead, HRP29-like phages have taken advantage of a
structural motif similar to the T7 fiber in order to allow for a productive tailspike attachment
to the capsid, instead of a conserved N-terminal domain.

HRP29 internal proteins gp41, gp42 and gp43

Podophages like T7 and P22 form a channel bridging the inner and outer membranes of the
host to enable ejection of DNA into the cytoplasm 2021, The channel is formed by ejection
proteins gpl4, gp15 and gpl6 in T7, gp7, gpl6 and gp20 in P22 and gp11. HRP29 has
three annotated internal virion proteins gp41, gp42 and gp43, and the presence of a core
inside the virion can be visualized in the central slices of the asymmetric reconstruction
(Supplemental Figure S1). The internal proteins have no significant sequence similarity to
T7 ejection proteins (gpl4, gpl5 and gp16) nor Sf6 ejection proteins (gpll, gpl2 and gpl3).
We were not able to obtain a high-resolution reconstruction of internal proteins even with
the focused asymmetric reconstruction of the HRP29 tail. The lack of obvious similarity of
HRP29 gp41 and gp42 to other phage proteins can be due to either the prediction not being
accurate, or they may have a significantly different fold. Additional data will be needed to
confirm that these proteins are indeed ejection proteins.

The portal (12 monomers) is attached to the capsid at one of the five-fold vertices and
thereby creates a non-divisible symmetry mismatch. Interactions between portal and capsid
proteins have been resolved for T4, P23-45 and Sf6 8:22.23, |n the case of T4 and P23—

45, the portal accommodates interactions with each of the capsid subunits at the five-fold
vertex by undergoing localized conformation changes. However, in the case of Sf6 the
portal protein remains fixed and instead forms symmetry matching interactions with the
capsid. Attempts to identify the interactions between the capsid and the portal to understand
whether portal undergoes localized conformational changes to interact with the capsid or
form symmetrical interactions with the capsid using focused asymmetric reconstruction
failed. The failure of focused asymmetric reconstruction may be due to a variety of factors
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including but not limited to lower number of tail particles, capsid density dominating
alignment and/or flexibility within the tail.

HRP29 has two decoration proteins: gp47 and gp48

In addition to the hybrid tail, our asymmetric reconstruction of the virion revealed
interesting surface features. Specifically, the surface of the capsid showed bumpy features
around hexamers and pentamers, yet the asymmetric reconstruction was too low in
resolution to accurately determine the details on the capsid surface. Phage capsids hold
packaged genomic DNA, and as a result the internal pressure is extremely high. Capsids
such as for phage HK97 are stabilized by both covalent (chain mail interlocking disulfide
bridges), and non-covalent interactions between the subunits of the capsid 242, In addition,
phage capsids can also be stabilized by cementing or decoration proteins 26, We used an
icosahedral reconstruction to improve the resolution and examine the capsid surface in more
detail. The 3.1 A density map clearly showed distinct a-helical structures interacting with
the major capsid protein subunits.

A homology model of HRP29 was generated using Phyre2. The T7 major capsid protein
was one of the top hits, which was then used as the initial model to build and refine

HRP29 gp37 (Fig. 4A). Additionally, a DALI search of gp37 showed that HRP29 gp37

is most similar to gp10A of T7 from the mature virion (PDB: 3J7X) with a RMSD of

2.9 A and a Z-score of 23.1. The overall fold of the HRP29 capsid monomer resembles

T7 with a RMSD of 1.299 A. HRP29 gp37 has a long unstructured surface-exposed
N-terminal arm, along with a surface-exposed C-terminus similar to T7 27. The T7 capsid

is largely stabilized by intracapsomere interactions between Asp103 and Arg262 in the
A-loop, and an intracapsomere charge-based interaction between the N-terminal residues
(14-19) and the A-pocket (151-156) of an adjacent subunit. However, these intercapsomere
and and intracapsomere stabilizing interactions are absent in HRP29. The absence of

the intracapsomere stabilizing forces in HRP29 is due to the difference in the A-loop
conformations and the absence of a similar pair of oppositely charged residues in the region.
The N-terminal loop in HRP29 also adopts a slightly different conformation which puts it
farther away from the A-pocket.

While building the capsid asymmetric unit it became evident that there were two different
densities not accounted for by the major capsid protein. The two densities were segmented
and submitted individually to the DeepTracer for identification. DeepTracer identified the
two densities as a monomer of gp47 and a dimer of gp48. The presence of gp47 and

gp48 in the mature virion was also confirmed by mass spectrometry analysis (data not
shown). Individual CRISPR knockdowns of gp47 and gp48 were used to understand if they
are essential proteins, or dispensable. Spot assays of HRP29 on cells expressing gRNA
targeting either gp47 or gp48 along with an inactive cas9 nuclease showed that HRP29
produced significantly fewer viable phages (~1076 fold reduction) when compared to cells
without the CRISPR knockdown system (Fig. 5A). The severely reduced ability of HR29
to produce viable phages in the absence of either gp47 or gp48 indicate that they are
indeed both essential. On the capsid, gp47 monomer binds at the pentamer — hexamer

and hexamer — hexamer junction whereas a dimer of gp48 binds at the hexamer-hexamer
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junction surrounding pentamers (Fig. 4A). The binding pockets of gp47 and gp48 are similar
to each other but the stabilizing interactions formed by gp47monomer and gp48 dimers

are unique. In the case of gp47 there is a single hydrogen bond with the gp37 capsid
monomer mediated by residue Glul5 at each of the pentamer - hexamer and hexamer —
hexamer junction (Fig. 4E). Each monomer of gp48 forms hydrogen bonds with two gp37
capsomeres mediated by residues Lys23 and Asp34; a total of four hydrogen bonds are
present at each of the hexamer — hexamer junctions (Fig. 4F). A DALI search of gp47 and
gp48 showed no similarity to known published phage proteins.

The lack of viable phages when production of gp47 and gp48 was inhibited indicates that
gp47 and gp48 might provide stability to the HRP29 capsid. Thermal stability assays were
performed to test the overall stability of HRP29 in comparison to Sf6 and T7 (Fig. 5B).
HRP29 was slightly more stable against heating than T7, but not as stable as Sf6 (Fig 5B).
Both gp47 and gp48 can be considered essential decoration/cementing proteins as they bind
to the surface of the capsid and seem to provide some stability. Decoration proteins such

as P30 (phage PRD1), gpD (phage A), Soc (phage T4), Dec (phage L), and Psu (phageP4)
bind to defined positions on the capsid such as the 2-fold, 3-fold, quasi 2-fold, quasi 3-fold
and the quasi 6-fold symmetry axes and stabilize particular stress points 28-32, By contrast,
gp47 and gp48 bind and stabilize all the individual monomers in the capsid by binding at
the interfaces where two monomers meet. Instead of binding and stabilizing particular stress
points on the capsid, gp47 and gp48 seem to form stabilizing interactions throughout the
entire capsid.

Decoration proteins from bacteriophages can adopt various structures with well-defined
features like the p-tulip motif, OB-fold, p-tadpole fold, 1g-like domain and a knotted a.-
helical fold 26. Adenovirus uses decoration proteins that adopt the 4-helix bundle, triskelion
structures adopted by the decoration proteins of adenovirus 33. When compared to known
decoration protein structures, the folds adopted by gp47 and gp48 along with their short
length are quite unique. gp47 adopts a four a-helix bundle structure where in two of the
four a- helices lie on top of each other and the helices on the bottom interact with the
capsid. Whereas, gp48 is present as a dimer on the capsid and each monomer consists of two
a-helices that are stacked. Oligomerization of gp48 may occur after binding to the capsid
like other decoration proteins such as A’s gpD, or phageL Dec protein or, alternatively,
gp48 might exist as a dimer before binding to the capsid. The two helices on the bottom of
the gp48 dimer interact with the capsid in a location that is similar to the gp47 interaction
site. Decoration proteins like Hoc (phage T4) 3435, pb10 (phage T5) 38 can assist in

host attachment and whether gp47 and gp48 play a role in attachment is not clear. Since
these proteins are essential for phage viability, we cannot directly test their roles in host
attachment.

The HRP29 procapsid has one scaffolding per capsomere, and no decoration proteins

Most phages assemble from a precursor procapsid, which is a spherical capsid structure
with the major capsid protein organized with icosahedral symmetry. Maturation involves
packaging of the genome through the portal using a complex of two terminase proteins.
Packaging induces capsid expansion into a larger, more angular capsid shell, and phage

Structure. Author manuscript; available in PMC 2025 January 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Subramanian et al.

Page 10

assembly then concludes with the addition of the tail proteins. In order to understand
whether the decoration proteins are incorporated early during assembly into the procapsids,
or onto mature heads, we examined the HRP29 procapsid. Procapsids were isolated from
cells expressing a dead cas9 nuclease and a guide RNA targeting the large terminase to
stop DNA packaging and arrest the assembly process. Procapsids were then further purified
using a cesium chloride gradient and particles were imaged by single-particle cryo-EM. An
icosahedral reconstruction of the procapsid showed that the overall domain architecture is
similar to dsDNA phages that have the HK97-like fold (Fig. 6A) 37. The first 27 amino acids
of the major capsid protein were not modeled as the density was missing in the cryo-EM
map; the rest of the protein was modeled and refined. Similar to the mature virion, a DALI
search of gp37 showed that HRP29 gp37 in the procapsid is most similar to gp10A of T7
(PDB: 3J7V) with a RMSD of 3.0 A and a Z-score of 20.8. The P-loops and the E-loops
from three capsomeres come together at the three-fold and quasi three-fold axes to form a
two layered interaction to stabilize the procapsid similar to T7 27. Density for the putative
decoration proteins gp47 and gp48 were not visualized in the procapsid structure and mass
spectrometry confirmed these proteins were not present in the purified sample (data not
shown). Therefore, we conclude that they are added after competition of the procapsid, but
cannot determine if the addition is concurrent with packaging, or after maturation.

The procapsid reconstruction also revealed density on the inside of the structure that could
not be accounted for by the major capsid protein. Scaffolding proteins help in the nucleation
of capsid assembly by binding to capsid proteins and starting the assembly process around
the portal. The stoichiometry of scaffolding proteins to capsid proteins differ among various
phages but their function is the same. The scaffolding proteins either leave the procapsid
intact via intracapsomere holes during maturation, or they are proteolytically digested. The
location of scaffolding proteins inside the procapsids have been visualized previously in
other phages like T7 and P22, but only partial structures of the protein were visualized due
to the inherent flexibility of scaffolding proteins 2738, A helix-turn-helix (HTH) density was
present in the interior of the HRP29 procapsid under the N-terminal helix and the spine
helix (Fig. 6B, 6D). In phages T7, Phi29 and P22 similar densities were also observed in the
interior of their procapsids, which were identified as the C-terminal part of the scaffolding
protein. Alphafold2 prediction of HRP29 scaffolding protein showed that it also has a
similar HTH motif in the C-terminus that fit well into the density in the interior of the
procapsid (Fig. 6C). HRP29 has strong HTH density at each capsomere of the pentons and
the capsomeres of the hexons surrounding the pentons. Apart from these locations the HTH
density is also visible beneath capsomers around the icosahedral threefold axis. There were
weaker densities for scaffolding protein at other hexamers too indicating that there may be
a scaffolding protein for every major capsid protein, but these sites may bind with lower
affinity (Fig S5A, S5B). Two different populations of binding sites for scaffolding proteins
have been identified previously, such as in phage P22 39. The HRP29 scaffolding protein
interacts with the N-helix of the capsomere from one subunit and the loop following the
N-helix of the neighboring capsid subunit. In T7, scaffolding proteins are not found beneath
the pentons and the data suggests a proposed ratio of two scaffolding proteins per hexon,
whereas in P22 each capsomere is associated with an individual scaffolding protein. In the
case of T7 the presence of the inner stack on top of the portal was suggested to be a factor
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in influencing the 1:3 ratio of scaffold proteins to capsomeres. The exact ratio of scaffold
protein to a capsomere in the case of HRP29 is not clear but it appears to differ from T7 due
to the presence of the scaffolding protein density at the pentons.

The structure of the portal when assembled in the procapsid state has been determined
previously for P22 14, Recently a high-resolution structure of the portal from the procapsid
of thermophilic phage P23-45 has also been determined using the local reconstruction
approach developed by llca et. Al 2340 All the five-fold vertices from the procapsid

map were computationally isolated using the local-rec plugin in Scipion 4. Sub-particles
centered around the five-fold vertex were extracted utilizing the parameters from the
icosahedral reconstruction and subjected to alignment free 3D-classification. Despite our
best efforts we were not able to computationally isolate the portal vertex and resolve a
structure of the portal from the HRP29 procapsid.

In summary, the procapsid of HRP29 has a scaffolding protein present for every capsid
protein like P22, but the overall fold of the major capsid protein in both the procapsid

state and mature virion is most similar to T7. The mature capsid of HRP29 is stabilized

by two decoration proteins, gp47 and gp48, to likely compensate for the stabilizing forces
that are lacking in comparison to T7. The decoration proteins are small and have a helical
architecture when compared to others, and are absent in the procapsid, indicating that they
are likely assembled directly onto the mature capsid. HRP29 possesses a tail that’s a hybrid
of the T7-like tail tube and an Sf6/P22-like tailspike. This hybrid interaction is possible
with the help of the tailspike adaptor protein that has evolved to have a N-terminal domain
similar to T7 gp17 that can dock with the tail tube and a C-terminal domain that can interact
with the tailspike. The infection process of T7 and P22 have been studied by cryo-electron
tomography and the various steps involved in host-recognition and DNA ejection have been
elucidated 2021, Future studies using mini cells of Shigella flexneri serotype Y strain and
HRP29 will be necessary to elucidate the exact mechanism of infection of HRP29 and to test
the hypothesis of whether the mechanism of infection is a hybrid mechanism combining T7
and P22.

STAR Methods

Resource Availability

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by Kristin Parent (kparent@msu.edu).

Materials Availability—All plasmids used in this study will be made available upon
request. The study did not generate other new or unique reagents.

Data and code availability

. The cryo-EM density maps have been deposited in the Electron Microscopy
Data Bank with accession codes EMD-28226, EMD-28227, EMD-28238, and
EMD-28562.
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. Atomic coordinates for capsid, C6 reconstruction of tail and procapsid have been
deposited in the PDB with accession codes 8ELD, 8ES4 and 8EM6.

. The paper does not report code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

Experimental Model and Study Participant Details

The following strains were used in this study:

. Bacterial strain: The strain of bacteria used, “PE577” is an avirulent derivative of
S. flexneriand 124243 Genbank accession number PRINA533747

. Phage: The phage used in this study, HRP29 was originally isolated by Doore et
al ®. Genbank accession number MK562503.

Method details

Bacterial strains and plasmids—The strain of bacteria used as host for HRP29,
“PE577” is an avirulent derivative of S. flexneriand has been described previously 124243,
A yajC knockout of PE577 was generated by lambda red recombineering and kanamycin
cassette recombination using overlapping arms from the ygjC Keio knockout strain. The
kanamycin cassette along with the overlapping arms were amplified using primers SPK049
& SPKO050 and used for transformation into strain PE577. All the other knockouts used

in this study have been described previously 19, Plasmids pdCas9 (CamR) 44 and pGRB

45 (AmpR) were obtained from Addgene. Plasmid pRSFDuet (KanR) was obtained from
Novagen.

Efficiency of plating assay—Serial dilutions of high titer HRP29 phage stock (~1x1011
phage/mL) were plated on various strains using the double agar overlay method. Efficiency
of plating was calculated as the titer on the test bacteria divided by the titer on the

permissive strain, S. flexneri PE5S77, grown overnight at 37 °C. Three biological replicates of
each host strain were used for each experiment.

HRP29 virion purification for cryoEM—PE577 cells were grown to a OD 600, of
0.2 then infected with HRP29 at a multiplicity of infection (MOI) of 0.1 phage/cell at 37
°C. After 6 hours of growth remaining cells were lysed with chloroform and pelleted by
centrifugation at 4000xg for 10 minutes at 4°C. The supernatant was then spun at 27,000xg
for 90 min at 4°C and the phage pellet was resuspended in phage buffer (10 mM Tris,
pH=7.5, 10 mM MgCl,). The sample was further purified using a cesium chloride gradient
as described 43, the band containing the virions was extracted with a syringe, and the
sample was buffer exchanged with phage buffer overnight at 4 °C. Finally, the phage was
concentrated using a 100-kDa MWCO Amicon spin concentrator to ~1013 phage/mL.

HRP29 Procapsid purification—A guide RNA targeting the large terminase subunit
(Supplementary Table 2) was designed and cloned into the pGRB vector digested with Spel.
The cloned vector was then introduced into PE577 cells also containing a pdCas9 vector.
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Cells containing both the pdCas9 vector and the pGRB vector expressing the guide RNA
targeting the large terminase subunit were grown to a OD 600y, of 0.2 then infected with
HRP29 at a MOI of 0.1 phage/cell. After 6 hours of growth the cells were lysed with
chloroform and pelleted by centrifugation at 4000xg for 10 minutes. The supernatant was
then spun at 12,000xg for 18 hours and the phage pellet was resuspended in phage buffer
by nutation. The sample was further purified using a cesium chloride gradient (see above).
Finally, procapsids were concentrated using a 100-kDa MWCO Amicon spin concentrator
prior to cryo-EM imaging. In addition, purified procapsids were run on a agarose gel stained
with ethidium bromide, and then with Coomassie blue to confirm the absence of DNA (data
not shown). Procapsids were also TCA precipitated and run on and SDS-PAGE gel for mass
spectrometry analysis to identify the proteins present (data not shown).

CRISPR knockdown of gp47 and gp48—A guide RNA targeting gp47 (or) gp48
(Supplementary Table 2) was designed and cloned into the pGRB vector digested with Spel.
The cloned vector was then introduced into PE577 cells also containing the pdCas9 vector.
Cells containing both the pdCas9 vector and the pGRB vector were then used spot titer
assays. Briefly, 5 uL of serial dilutions of a high titer phage stock were spotted on plates
with cells prepared using the double agar overlay method.

Thermal stability tests—Small aliquots (50 uL) of phage stocks of T746, Sf6, and
HRP29 at 1 x1010 phage/mL were incubated at 5 degree intervals ranging 45 — 65 °C

for 10 minutes each using a BioRad T100 thermal cycler. After incubation at the desired
temperature, quantitative plaque assays were performed and the efficiency of plating was
determined as the titer of phage at the experimental temperature, divided by the titer of
phage at the permissive temperature of 45 °C. The experiment was performed using three
biological replicates, and the error bars reflect the standard deviation.

CryoEM Sample preparation and data acquisition—5 pL aliquots of purified
HRP29 virions or procapsids were applied to R2/2 Quantifoil grids (Electron Microscopy
Solutions) that had been glow discharged for 45 seconds in a Pelco Easiglow glow
discharging unit. The samples were plunge frozen in liquid ethane using a Vitrobot Mark 1V
operated at 4°C and 100% humidity, with a blot force of 1 and 5 seconds of blotting time per
grid.

Cryo-EM data were collected at Purdue Cryo-EM facility using a Titan Krios equipped
with a K3 direct electron detector, and operating at 300 keV with a post-column GIF (20
eV slit width) under low dose conditions. For HRP29 virions, micrographs (Fig S6A) were
collected at 53,000X nominal magnification (0.816 A/pixel) by recording 40 frames over
4.4 sec for a total dose of 33 e”/A2. For HRP29 procapsids, micrographs (Fig S6B) were
collected at 64,000X nominal magnification (0.66 A/pixel) by recording 43 frames over 3.4
sec for a total dose of 38 e7/AZ2. See Supplementary Table 3 for full parameters.

Icosahedral and asymmetric image reconstructions of the HRP29 virion—Data
processing was carried out using Relion 3.1.1 47. Briefly, the dose-fractionated movies were
subjected to motion correction using Relion’s own implementation of MotionCor2. CTF

estimation of the resulting images were estimated using CTFFIND-4.1 48 and particles were
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picked using the Autopick option. 4X binned particles were then extracted and subjected
to 2D classification. Full cryoEM image processing statistics are listed in Supplementary
Table 4. For the icosahedral reconstruction of the virion capsid, 38,666 particles were used
for 3D refinement, with an ab-initio model serving as the initial model. For the asymmetric
reconstruction of the virion, a total of 33,127 particles were used for 3D refinement, with
the Sf6 virion map (EMD:5730, scaled by a factor of 1.27 in EMAN2 49, symmetrized using
Relion 3.0.8) serving as an initial model. Refined particles were extracted again with 2X
binning and subjected to 3D refinement and CTF refinement. The overall resolution was
estimated based on the gold-standard Fourier shell correlation (FSCq 143) (Fig S6C, S6D).
The final maps were deposited into EMDB (accession number EMD - 28226 & EMD -
28227).

Localized reconstruction of the HRP29 tail—Sub-particle extraction was carried out
on 33,127 particles from HRP29 for an asymmetric reconstruction using the localrec plugin
in Scipion3 40415033 119 extracted particles were then imported in Relion 3.1.1 and
subjected to further processing. 3D refinement was carried out imposing C6 symmetry with
an initial model generated from the sub-particles. Particle subtraction was carried out to
remove capsid density using a mask encompassing the tail generated with the segger tool in
chimera®l. Alignment free 3D classification was then carried out which resulted in 24,391
selected particles and subjected to further 3D refinement and CTF refinement. The overall
resolution was estimated based on the gold-standard Fourier shell correlation (FSCq 143) (Fig
S6E). The final map was deposited into the EMDB (accession number EMD - 28562).

Icosahedral reconstruction of the HRP29 procapsid—Data processing was carried
out using Relion 3.1.1 47, Briefly, the dose-fractionated movies were subjected to motion
correction using Relion’s own implementation of MotionCor2. CTF estimation of the
resulting images was estimated using CTFFIND-4.1 48 and particles were picked using the
Autopick option. 4X binned particles were then extracted and subjected to 2D classification.
Full cryoEM image processing statistics are listed in the Supplementary Table 4. For an
icosahedral reconstruction, 78,902 particles were used for 3D refinement, with an ab-initio
model serving as the initial model. Refined particles were extracted with 2X binning

and subjected to 3D refinement. Alignment free 3D classification was then carried which
resulted in 60,962 particles and subjected to further 3D refinement and CTF refinement.
The overall resolution was estimated based on the gold-standard Fourier shell correlation
(FSCq.143)- The final maps were deposited into EMDB (accession number EMD- 28238 )
(Fig S6F8D).

Model building and refinement—AlphaFold2 2:53 and Phyre2 54 were used to generate
homology models for all modeled protein chains. Initial models were then docked into

EM maps for further refinement. For the HRP29 virion capsid and procapsid maps, the
asymmetric unit consisting of seven subunits of the major capsid protein was refined against
a segmented map generated using the segger extension in chimera. Additionally, there are
two gp47 and two gp48 molecules in the asymmetric unit and they were also refined

against the segmented map. Initial models of tail subunit proteins were docked into the
localized reconstruction map (C6 symmetry) using chimera and used for further refinement.
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Refinement was carried out using Phenix 5° and model adjustments were carried out in
COOT 56, Model parameters were monitored using Molprobity 57 in Phenix and the values
are listed in Supplementary Table 4 along with the respective PDB IDs.

Purification of gp44 bound to gp52—The gene encoding gp44 was amplified from
HRP29 genomic DNA using primers (SPK146 & SPK147; Supplementary Table 2) and
cloned into pRSFDuet vector (Novagen) digested with Hindll and Sacl using Gibson
assembly which added a 6X-His tag to gp44. The gene encoding gp52 was amplified

from HRP29 genomic DNA using primers (SPK148 & SPK149; Supplementary Table 2)
and cloned into the same vector digested with Ndel and Xhol using Gibson assembly.
Upon sequencing we discovered a mutation in gp52, A754G which resulted in amino acid
change T252A. However, the change was also present in the HRP29 genomic DNA and we
decided to proceed forward as the tailspike is known to have variation in the region upon
repeated propagation of phage. The plasmid was transformed into BL21DE3 cells and a
starter culture was grown in LB media at 37 °C with 100 pg/mL of kanamycin. The starter
culture was used to inoculate 1L of LB media and grown at 37 °C with 100 pg/mL of
kanamycin until OD 600, of 0.5 and protein expression was induced with 1mM IPTG.
After 3h of induction the cells were harvested by centrifugation at 4000xg for 10 minutes
and resuspended in Buffer A (10 mM Tris pH 7.6, 100 mM NaCl, and 10 mM MgCl,) at 4
°C. The cells were again pelleted by centrifugation at 4000xg for 10 minutes and were flash
frozen in liquid nitrogen.

Frozen cell pellets were thawed and resuspended in Buffer A supplemented with Roche
Protease inhibitor cocktail tablet, 1 mg/mL lysozyme, 10 mM Cacl, and 20 ug/mL of
DNasel. Cells were lysed by sonication and cell debris was removed by centrifugation at
20,000x%g for 30 min at 4°C. The resulting supernatant was applied to Ni-NTA agarose

resin and washed with lysis buffer followed by a wash with buffer A containing 25mM
Immidazole. The Ni-NTA resin was subsequently washed with Buffer A containing 50mM
Immidazole, 100mM Immidazole and 250mM Immidazole to elute the protein. The presence
of both gp44 and gp52 in the various washes was confirmed by SDS-PAGE and washes
containing pure gp44-gp52 complex were pooled and concentrated using a 100-kDa MWCO
spin concentrator. The concentrated sample was then injected into a Superose 6 column
equilibrated with Buffer A. Peak fractions corresponding to pure gp44-gp52 complex were
pooled together and used for subsequent analysis by negative stain.

Negative staining of gp44 bound to gp52—A small portion (~3 pL) of the gp44-
gp52 complex at a concentration of 0.01 mg/mL was applied to freshly glow discharged
(PELCO easiGlow, 15 mA, 45 sec) continuous carbon support film grids (Ted Pella) for
60 seconds, followed by washing with distilled water and then staining with 1% aqueous
Uranyl Acetate (Electron Microscopy Solutions). The samples were imaged at the RTSF
Cryo-EM Core Facility at Michigan State University using a Talos Arctica operated at
200 keV. Micrographs were collected on a Ceta camera at a nominal magnification of
57,000x (1.80 A/pixel) with an exposure time of 4 seconds and objective lens setting of 5
um underfocus. 2D class averages of the gp44-gp52 complex were calculated from 8,583
particles using Cryosparc v3.31 8.
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Quantification and Statistical Analysis
Statistical details of experiments:

. FSC measurements were used to estimate resolution of cryo-EM maps as a
bult-in feature of the software Relion 3.1.1 47. Details of this analysis can be
found throughout the Results, Figure Legends, and Supplementary Materials. For
this we applied the “gold standard approach”, where FSC is calculated from
independently refined half reconstructions.

. Phage Thermal Stability experiments were performed using three biological
replicates (n = 3), and error bars reflect the standard deviation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
HRP29 is podophage with a hybrid tail
The hybrid tail is composed of a tail tube like T7 and tailspikes similar to Sf6.
Tailspike adapter (gp44) connects the tailspikes (gp52) to the tail tube.
HRP29 capsid is stabilized by two decoration proteins gp47 and gp48.
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Figure 1: HRP29 has a hybrid tail.
(A) Asymmetric reconstruction of HRP29 (EMD - 28227) with the central tail tube colored

in blue and the tailspikes colored in orange (4.1 A resolution). (B) Symmetry mismatch
reconstruction of T7 (EMD - 31315) with the central tail tube colored in blue (7.0 A
resolution). (C) Asymmetric reconstruction of Sfé (EMD — 5730) with the tail colored in
orange highlighting the tailspike and tail needle (16.0 A resolution). (D-F) Enlarged views of
the tails of HRP29, T7 and Sf6.
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Figure 2: HRP29 has a central tail tube similar to T7
(A) Model of the tail generated from the focused C6 reconstruction of the tail with the portal

gp35 colored in brown, adaptor gp39 in orange, nozzle gp40 in blue and tailspike adaptor
gp44 in pink. (B-D) Side views of the tail tube proteins gp35, gp39 and gp40. (E) Top

view of the tailspike adaptor gp44. (F) Interaction between gp35 (brown) and gp39 (orange)
mediated by negatively charged amino acids on gp35 and positively charged amino acids on
gp39. This interaction is flipped in terms of charge when compared to T7. (G) Negatively
charged amino acids from two gp39 monomers interact with one monomer of gp40 at two
distinct sites with positively charged amino acids. (H) Interaction between nozzle gp40 and
tailspike adaptor gp44 mediated by Arg645 in gp40 and Asp25 in gp44. This interaction is
also flipped in terms of charge when compared to T7.
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Figure 3: gp52 interacts with the tail through gp44.
(A) Representative 2D class averages of negatively stained gp44-gp52 complex purified

from E. coli, shows a strong signal for tailspike protein gp52, whereas the signal for gp44

is more diffuse and noisy. (B) 3D reconstruction of gp44 and gp52 complex from a total

of 8,583 particles show that the complex has an elbow shape. (C) Alphafold prediction of
gp52 trimer (green) docked into the 3D reconstruction of gp44-gp52 complex; the alphafold
prediction of gp44 trimer could not be reliably fit into the model.
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_ A-domain

Figure 4: HRP29 mature virion has two decoration proteins gp47 and gp48.
(A) Model of HRP29 capsid generated form an icosahedral reconstruction with the capsid

protein (gp37) colored in blue and the decoration protein gp47 colored in purple and
magenta and the other decoration protein gp48 colored in yellow and green. (B) One

of the monomers from the hexamers of the asymmetric unit from HRP29 and T7 were
aligned against each other with a RMSD of 1.299 A using match maker in chimera. (C)
Monomer of gp47 from the penton-hexon junction. (D) Dimer of gp48 with the asterisk
mark representing the two C-terminus. (E) gp47 interaction with the capsid proteins is
stabilized by positively charged amino acid Arg63 from two capsid monomers. (F) gp48
interaction with the capsid is stabilized by a series of electrostatic interactions from each of
the gp48 monomer mediated by residues Arg16, Lys23 and Asp34 from gp48 and Asp21,
Asp23 and Lys139 of the capsid protein.
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Figure 5: CRISPR knockdown of gp44, gp47, gp48, gp52 and thermal stability assay.
(A) Spot assays of HRP29 and Sf6 at various dilutions on PE577, cells expressing a

dead cas9 nuclease along with a gRNA targeting either gp44, gp47, gp48 or gp52. (B)
Quantitative plaque assays of Sf6, HRP29 and T7 after incubation for 10 minutes at the
indicated temperature. The efficiency of plating was determined as the titer of phage at the
experimental temperature, divided by the titer of phage at the permissive temperature of 45
°C. Error bars reflect the standard deviation from at least three biological replicates.
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Scaffolding
protein

Figure 6: HRP29 procapsid has scaffolding protein density just beneath the N-terminus.
(A) Icosahedral model of the procapsid show a characteristic bumpy surface along with

holes in the center of the pentons and hexons. (B) Interior view of the procapsid with

the capsid density colored in grey and the scaffolding density from the difference map
colored in magenta (resolution = 3.5 A at FSCq 143). The difference map was calculated

by subtracting a map generated from the icosahedral model using the molmap command

in chimera from the original cryo-EM density map. (C) Fit of scaffolding helix turn helix
region shown in mesh representation and good fit was observed for the bulky amino acids.
(D) The helix turn helix region of the C-terminal part of the scaffolding protein sits right
under the modeled N-terminus which lacks the first 27 amino acids and the spine helix. The
capsid protein is in blue and the scaffolding protein is colored in magenta.
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